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ABSTRACT

In this paper we present our recent developments in terahertz (THz) metamaterials and devices. Planar THz
metamaterials and their complementary structures fabricated on suitable substrates have shown electric resonant
response, which causes the band-pass or band-stop property in THz transmission and reflection. The operational
frequency can be further tuned up to 20% upon photoexcitation of an integrated semiconductor region in the split-
ring resonators as the metamaterial elements. On the other hand, the use of semiconductors as metamaterial
substrates enables dynamical control of metamaterial resonances through photoexcitation, and reducing the
substrate carrier lifetime further enables an ultrafast switching recovery. The metamaterial resonances can also
be actively controlled by application of a voltage bias when they are fabricated on semiconductor substrates
with appropriate doping concentration and thickness. Using this electrically driven approach, THz modulation
depth up to 80% and modulation speed of 2 MHz at room temperature have been demonstrated, which suggests
practical THz applications.
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1. INTRODUCTION

Terahertz (1 THz = 10*2 Hz) science and technology have attracted world wide attentions. Many potential
applications have been identified due to the unique properties of THz radiation.® For example, it can pass
easily through regular packaging and clothes, and it is non-ionizing so it is safer than x-rays, therefore THz
radiation could be used in security scanning of personnel and luggage. The molecular vibrational frequencies of
many common substances and biological materials match the THz regime, so THz radiation is very attractive
in molecular identification and sensing, material characterization, spectroscopy, biomedical imaging. Moreover,
THz radiation is a candidate for future wireless communication that requires higher speed and more bandwidth.
However, despite these attractive applications, the development of THz technology has been relatively slow,
mostly due to the lack of natural materials with useful responses in this regime.? This is because the THz radiation
occupies the part of the electromagnetic spectrum between infrared and microwave waves, where both the electric
and photonic responses of materials die out. During the last two decades, THz time-domain spectroscopy (TDS)!
and THz quantum cascade lasers (QCLs)® represent two of the most important developments, but many THz
functional devices and components largely do not exist. Therefore, substantial development beyond what has
been accomplished to date are essential to enable sustainable THz technology advance.

Metamaterials are a new class of composite artificial materials that acquire their properties from internal
subwavelength structure rather than the materials of which they are composed.*® Metamaterials are built from
the bottom up, at the unit cell level, to produce independently tailored electric and magnetic responses to the
incident electromagnetic waves over a significant portion of the spectrum including the THz regime.”® These
designed materials are ideal for the investigation of novel emerging electromagnetic phenomena from RF to
near-visible frequency range, including the exotic effects such as negative index of refraction,>® electromagnetic
invisibility,” and super-resolution.’®!! The designed and controllable metamaterial resonant response provides
an excellent opportunity in solving the material issue associated with the THz gap, and founds the basis for new
devices and components that control and manipulate THz waves.
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In this paper we present our recent progress in the development of THz metamaterials and their application
in the implementation of THz devices and components. THz planar metamaterials and their complementary
structures have been designed, fabricated and characterized.!»'® Both show electric resonant response and
THz transmission consistent with the Babinet’s principle.}®> Metamaterial resonance frequencies are usually
predetermined by their design which is fixed after they are fabricated, However, when natural materials such as
semiconductors are incorporated as part of the metamaterial elements, external stimuli such as photoexcitation
enable the tuning of resonance frequencies,'* thereby alleviating the limit of narrowband operation, an inherent
result of the metamaterial resonant response. Moreover, the tunability of semiconductor conductivity upon
carrier injection or depletion facilitates new opportunity in dynamic or active control of THz metamaterial
resonances,'® ¢ which can find applications in ultrafast switching or electrical modulation of THz radiation.!”> 12

2. COMPLEMENTARY PLANAR TERAHERTZ METAMATERIALS

Suppose we have two complementary free-standing structures which are ideally thin with infinite conductivity.
The original structure is illuminated by the normally incident fields (Eq,, Hg,) and its complement, is illuminated
by fields (Eoc, Ho.). Babinet’s principle states that if the polarizations are configured in accordance with the
dual sources,'? i.e., Ego = ZoHo. and Ho, = —Eq./Z0, where Zy = (10/¢0)*/? = 377 Q is the vacuum impedance,
then the sum of the transmission fields is equal to the incident fields, or

to(w) + Te(w) =1, (1)

where t,(w) and f.(w) are the frequency dependent complex transmission coefficients for the original and com-
plementary structures, respectively.

In the THz frequency range it is technically challenging for split-ring resonator (SRR) based metamaterials
to fully realize the conditions where Babinet’s principle is applicable. We fabricate planar THz metamateri-
als on suitable substrates such as high resistivity silicon or gallium arsenide (GaAs) wafers. The fabrication
is implemented via standard photolithographic methods, followed by metallization and a liftoff process. The
metallization includes 10 nm of titanium as the adhesion layer and 200 nm of gold, which is thicker than the skin
depth at THz frequencies but is thin enough in the propagation direction. The metamaterial elements shown in
Fig. 1 are a series of subwavelength electrical split-ring resonators with symmetrically designed to minimize or
eliminate the magnetic response or any electromagneto effects.!>2° Both the original metamaterials and their
complements (inversed structures) are designed and fabricated to operate at THz frequencies, and are comprised

Figure 1. Highly symmetric electric split-ring resonators and their complements as the unit cells for planar THz metama-
terials. Colored (light grey) areas indicate gold regions.
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of square planar arrays with a lattice parameter of 50 pm. All of these elements have an outer dimension of
36 um, a line width of 4 um, and a gap separation of 2 pym.

We use a photoconductive THz-TDS system?* 22 to characterize the resonant response of metamaterials. The
experimental setup includes polyethylene lenses to focus the normally incident linearly polarized THz beam onto
a metamaterial sample onto a diameter of about 3 mm, and a second set of polyethylene lenses to focus the
transmitted THz beam to a photoconductive receiver. The THz-TDS system is purged with dry air to prevent
absorption of THz radiation from water vapor, and all measurements are performed at room temperature. The
time-varying electric field of the transmitted impulsive THz radiation E4(t) is coherently measured in the time
domain, and a second measurement F,.(¢) is performed through a suitable reference — a bare GaAs substrate of
the same thickness. In these measurements, the polarization of the incident THz radiation has been configured
as the dual sources for the original and complementary metamaterials. For the structures 1 and 2 in Fig. 1,
alternatively it means, under fixed polarization, a sample rotation of 90° around the propagation axis for the
complementary metamaterials with respect to their original structures. This rotation is not necessary for the
rest of samples due to the 7/4 rotational symmetry. After Fourier transformation of the THz time-domain data,
we obtain Es(w) and Er(w) in the frequency domain, which further enables the calculation of the frequency
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Figure 2. Frequency dependent THz transmission amplitude for the original [red (grey) curves| and complementary (black
curves) metamaterials. If the Babinet’s principle holds, using the THz transmission data of the original metamaterials,
the dashed (blue) curves represent the calculated transmission amplitude for the complementary metamaterials.
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Figure 3. Frequency dependent THz transmission phase introduced by the original [red (grey) curves] and complementary
(black curves) metamaterials. If the Babinet’s principle holds, using the THz transmission data of the original metama-
terials, the dashed (blue) curves represent the calculated transmission phase for the complementary metamaterials.

dependent complex transmission coefficient,

Z ES(W) _

H(w) = %) t(w)e @) (2)

where t(w) and ¢(w) are the frequency dependent transmission amplitude and phase through the metamateri-
als. This procedure eliminates the substrate effects such as the reflections at the interfaces. With simultaneous
amplitude and phase information in the transmission coefficients we are able to obtain the frequency depen-.
dent complex dielectric function (there is no magnetic response) assuming appropriate effective thickness of
the metamaterials. However, the effective dielectric function does not have significant meaning in our single
layer metamaterials in view of potential applications. For this reason, we simply plot the frequency dependent
transmission amplitude and phase, as shown in Figs. 2 and 3, respectively.

In all metamaterials we clearly observe two resonances. In the original metamaterials, the lower frequency
resonance originates from the capacitive-inductive coupling of counter-circulating currents in the electric split-
ring resonators by the incident electric field. In the complementary metamaterials, the resonance results from
a similar way of electrically excited circulating currents, i.e., the metal regions are inductive, and the anti-
ring regions are capacitive.’®!® At frequencies below the resonance, the complementary metamaterials also



show cut-off in transmission due to the Drude-like response from the large metal coverage. The resonance in the
original metamaterials is represented by the band-stop transmission minimum at frequencies between 0.5 THz and
1.0 THz with t(w) values as low as 10%. The complementary metamaterials, on the other hand, show band-pass
transmission property with transmission maximum ¢(w) as high as 90% at the same frequencies as in the original
metamaterials. Therefore these metamaterials can serve as either band-stop or band-pass far-infrared filters, in
which the frequencies can be engineered by scaling the structure dimensions. The higher frequency resonance
originates from the electrical excitation of collective dipolar response, in which the resonance frequency also
depends on the periodicity of the structures.?® This is similar to the surface plasma resonances in periodic metal
structures. Recently there are arguments of magnetic response in the complementary metamaterials,?* however,
we emphasize that the lower frequency resonances in both the original and complementary metamaterials are
purely electric, since it is the incident electric field that drives the surface currents while the in-plane magnetic
field has no way to excite such surface currents. Additionally, the counter-circulating currents in each unit cell
eliminate any electromagneto response; even if there are magnetic dipoles from the circulating currents, their
re-radiation is in the metamaterial plane thus is not able to reach the THz receiver.

From Figs. 2 and 3 it is obvious that the transmission amplitude and phase are interrelated for the original
and complementary metamaterials. Suppose Babinet’s principle holds, from the transmission data of original
metamaterials, we calculate using Eq. (1) the frequency dependent transmission amplitude and phase of the
complementary metamaterials, as shown by the dashed curves in Figs. 2 and 3. The complementary metama-
terials transmission amplitude spectra are well reproduced as compared to the experimental data, particularly
at lower frequencies. The main features of the phase spectra are also reproduced, while the experimental data
has additional features, which may result from the different substrate thickness adding the additional frequency
dependent propagation phase. This is more significant at higher frequencies as the phase deviation is increasing,
affecting the amplitude spectra. '

3. ULTRAFAST DYNAMICALLY SWITCHABLE TERAHERTZ METAMATERIALS

The strong resonant response in planar metamaterials forms the basis for many novel THz devices. For many
potential applications, it is desirable to use metamaterials with an externally controllable active, dynamical,
and/or tunable response. There are many factors that may affect metamaterial resonances. For example, the
substrate dielectric constant, together with the structure dimensions, determines the metamaterial resonance
frequency. The loss in the metal and substrate, on the other hand, sets the oscillator strength. This motivates
us to consider using semiconductors as the metamaterial substrates, in which the conductivity (or loss) can be
conveniently modified by external stimuli, e.g., photoexcitation. The photo-induced free charge carriers increase
the conductivity on the substrate surface, thereby shorting out the split gaps when circulating currents are
excited by the incident electromagnetic fields, and turning off the metamaterial resonance.

In the initial tests we fabricate split-ring resonator array on the intrinsic GaAs substrate using the conventional
photolithographic approaches, with the unit cell shown in the inset to Fig. 4 and structure dimensions the same
as in the previous section. The metallization consists of 3 pm thick of copper, although such thick metal is not
necessary as long as it is more than the skin depth, typically about 50 nm for good metals at THz frequencies.
The planar metamaterial is characterized by optical-pump THz-probe?> measurements, where the femtosecond
laser pulses excite the sample, and the dynamic response is probed by measuring the THz transmission in the
time domain. In Fig. 4 the metamaterial shows two resonances driven by the electric field of the normally
incident THz radiation. The lower frequency resonance results in strong electric field concentration within the
split gaps, therefore it is expected that this resonance has strong dependence upon the material properties near
the gaps. We investigate the resonant transmission when the metamaterial is under photoexcitation using 50 fs
near-infrared laser pulses as a function of the photoexcitation power. In experiments the photoexcitation is 5 ps
before the arrival of the THz pulses, which ensures the long lived carrier density has been established.

In Fig. 4 we show the THz transmission amplitude spectra as a function of the photoexcitation power. At a
photoexcitation power of 0.5 mW, which corresponds to a fluence of 1 1J/cm? resulting in a photoexcited carrier
density of n ~ 2 x 10'® cm™3, the lower frequency resonance is strongly affected, while the higher frequency
resonance is less changed. Increasing the photoexcitation power, the lower frequency resonance is continuously
damped and at 1 mW it is nearly completely quenched, as reflected by no significant transmission dip. The
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THz transmission is switched from 15% to 70% with this low photoexcitation power. At this point the higher
frequency resonance also starts to quench, and it nearly disappears at a photoexcitation power of 5 mW. It is
reasonable that the switching of the higher frequency resonance requires a higher photoexcitation power due to
a lower concentration of electric field at resonance.

The switching off of metamaterial resonances is mainly determined by the photoexcitation of free charge
carriers in the GaAs substrate, which could occur very fast when using femtosecond laser pulses. However, the
switching recovery is very slow, as the carrier lifetime in the GaAs substrate can be as long as nanoseconds.
Obviously, this will limit some potential applications if the ultrafast switching recovery is also highly desired.
One solution to this problem is to reduce the carrier lifetime in the substrate, for example, using radiation
damaged silicon or low temperature grown GaAs, in which the carrier lifetime can be sub-picosecond. Here
we use ErAs/GaAs nanoisland superlattice as the metamaterial substrate, where the carrier lifetime can be
conveniently controlled by changing the periodicity of the superlattice.?® In this particular investigation we design
the carrier lifetime of 10 ps, significantly longer than the picosecond duration of the incident THz pulses. The THz
transmission is measured using optical-pump THz-probe experiment system with fixed photoexcitation power and
as a function of the time delay between the photoexcitation and THz pulses arrival. The transmission amplitude
spectra are shown in Fig. 5 for various time delays. With no photoexcitation, where the THz pulse arrives before
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Figure 4. THz transmission amplitude spectra as a function of photoexcitation power of the metamaterial fabricated on
intrinsic GaAs substrate. The inset illustrates the unit cell split-ring resonator structure as well as the resonant surface
currents at the lower frequency resonance.
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Figure 5. THz transmission intensity spectra of the metamaterial fabricated on ErAs/GaAs nanoisland superlattice sub-

strate with carrier lifetime ~10 ps. The THz transmission is measured as a function of time delay between the photoex-
citation and THz pulses arrival.
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the photoexcitation pulse, the transmission dip with a small minimum indicates a strong resonance. Under
photoexcitation after a short time delay, the carrier density is still high since the carriers do not have enough
time to recombine yet, and therefore the metamaterial resonance is switched off within less than 2 ps, as suggested
by the flat transmission spectrum at 2 ps time delay. When the time delay increases, the photoexcited charge
carriers gradually recombine and the conductivity decreases, thereby the resonance is gradually reestablished,
as indicated by the appearance of the transmission dip and the decreasing transmission minimum. Ultimately,
the resonance is near fully recovered at about 20 ps time delay. Through this approach, i.e., photoexcitation of
the metamaterial substrate with a designed carrier lifetime, we realize both ultrafast switching off and switching
recovery of metamaterial resonances, and thus such metamaterials can be used as ultrafast THz devices, e.g., all
optical switches and modulators.

4. FREQUENCY TUNABLE TERAHERTZ METAMATERIALS

The frequency of metamaterial resonance is usually predetermined during the design and it is fixed once the
metamaterial is fabricated. The resonant nature enhances the interaction between THz radiation and metama-
terials, but also causes strong dispersion as well as narrow band operation, which may limit many applications
where broadband frequency coverage is necessary. Therefore, frequency agile metamaterials are highly desired,
for instance, as tunable far-infrared filters . If we consider the resonance frequency w ~ (LC)~!/? where L is the
loop inductance and C is the gap capacitance, there are two possible approaches to accomplish the frequency
tunability: 1) tuning the substrate dielectric constant e€s,p since C' o< €5yp; 2) tuning the physical geometry of
the metamaterial structure. In the first approach, the substrate dielectric constant could be actively tuned by
applications of heat, electric or magnetic field,?” etc., for example, using ferroelectric materials. In this section,
we demonstrate the second approach of frequency tunable THz metamaterials, in which the semiconductor ma-
terial becomes an integrable part of the metamaterial elements.! The effective geometry of the metamaterial
elements is then dependent on the conductivity of the semiconductor regions, which can be tuned over many
scales upon photoexcitation of free charge carriers. This is significantly different from the approaches in the
previous section, where semiconductors are used as the substrates and the photoexcitation can only switch the
resonance strength but is unable to tune the resonance frequency.

The frequency tunable THz metamaterial sample is shown by the scanning electron microscopy graphs in
Fig. 6. The fabrication starts with a silicon-on-sapphire (SOS) wafer with (100) silicon layer of 600 nm thick
and resistivity greater than 100 Q-cm. The metal electric split-ring resonator array is first patterned using
the standard photolithographic methods, followed by metallization of 10 nm of titanium and 200 nm of gold,
and then a lift-off process. The metal stripes that have the split gaps lay along the primary flat orientation

Figure 6. Scanning electron microscopy images of the frequency tunable THz planar metamaterial. (a) An individual
unit cell and (b) a square array. All dimensions are shown in um, and the silicon and gold regions are indicated. The
polarization of the normally incident, linearly polarized THz radiation is also indicated.
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Figure 7. THz transmission amplitude spectra of the frequency tunable THz metamaterial as a function of the photoex-
citation power.

of the wafer, that is, 45° counterclockwise from the projection of the C-axis on the R-plane. Next, photoresist
pattens are defined at the regions where we want the silicon to be the integrable part of the metamaterial. The
photoresist and metal (electric split-ring resonators) serve as the mask during the reactive ion etching (RIE), by
which in the unprotected regions the unwanted silicon is removed. In this way, we obtain the sample as shown
in Fig. 6, where the silicon regions form the additional capacitive plates when they are highly conducting by
photoexcitation.

The fabricated frequency tunable metamaterial sample is characterized by optical-pump THz-probe mea-
surements, in which the photoexcitation is 10 ps before the arrival of THz pulses. The transmitted THz pulses
are measured in the time domain for various photoexcitation power, which determines the carrier density or
the silicon conductivity. The experimental results are shown in Fig. 7. The transmitted THz electric field
amplitude spectrum under no photoexcitation shows a strong resonance as suggested by the transmission min-
imum of ¢(w) = 19% at 1.06 THz whereas off-resonance transmission is 90%. At lower photoexcitation power
(< 20 mW) the resonance initially weakens and broadens, showing little shift in frequency. This is because the
silicon conductivity is still too low to affect the resonance frequency — the low conductivity only contributes
to the loss and damps the resonance strength. Increasing the photoexcitation power (20-100 mW) the silicon
conductivity increases as well, and it starts to shift the frequency of the resonance. At this point, the loss is still
high as evidenced by the high transmission minimum of 49%. Upon further increasing the photoexcitation power
beyond 100 mW causes continued shifting to lower frequencies and also re-establishes the resonance strength
and narrows the linewidth. At a photoexcitation power of 500 mW (a fluence of 0.5 mJ cm~? or a carrier
density of ~2.5 x 10'® cm™3), we recover the resonance strength by achieving minimum value of ¢t(w) = 40%
at 0.85 THz. This represents a frequency tuning range of 20% for this first generation metamaterial device.
Additionally, we perform finite-element numerical simulations by using the approximated silicon conductivity
from the photoexcitation, and the results are in excellent agreement with the experimental measurements. It is
expected that semiconductor materials can also be a part of the loop within the split-ring resonators, and the
tuning of conductivity will enable a change of loop size, therefore tuning the resonance frequency as well. This
effect has also been verified by numerical simulations.'4

5. ACTIVELY TERAHERTZ METAMATERIAL DEVICES

Dynamically switchable and frequency tunable metamaterials typically utilize photoexcitation from an amplified
femtosecond laser pulses, which is not always available. This is certainly a major drawback. It will be more
convenient and suitable for practical applications if we can electrically switch or tune the metamaterial resonances
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Figure 8. (a)Schematic design of an active THz metamaterial device. (b) The metal metamaterial layer serves as the
Schottky gate, and the depletion zone therefore the substrate conductivity, particularly near the split gaps, can be
controlled through application of a reverse voltage bias between the gate and substrate. (c) I-V curve for the fabricated
device, which shows typical Schottky diode characteristics.

simply by application of a voltage bias. In this section we introduce active THz metamaterial devices!® fabricated
on doped semiconductor substrates, which enable electrical control of the metamaterial resonances, and therefore
the switching/modulation of the transmitted THz radiation, upon application of dc or ac voltage bias. This is
accomplished through the depletion of charge carriers — electrical control of conductivity of the semiconductor
substrate using the metallic metamaterial as the Schottky gate.

The schematic design of the device is shown in Figs. 8(a) and (b). The substrate consists of a 1 um thick
n-type eptaxial GaAs layer with a free electron density of 2 x 10'® cm~3 grown on a semi-insulating GaAs wafer.
An ohmic contact is first fabricated by e-beam deposition of 20 nm of nickel, 20 nm of germanium, and 150 nm of
gold in sequence, followed by rapid thermal annealing at 350°C for 1 minute in a nitrogen atmosphere. Metallic
electric split-ring resonator array is then fabricated using standard photolithographic methods to form a square
array and connected via metal wires. The metallization consists of 10 nm of titanium and 200 nm of gold. The
metallic electric split-ring resonator array and the semiconductor substrate form a Schottky diode structure, as
shown in Fig. 8(b), where the depletion zone, particularly near the split gaps, can be actively tuned through
application of a reverse voltage bias. The current-voltage relation shown in Fig. 8(c) indicates a typical Schottky
behavior.

THz-TDS is used to characterize the performance of the metamaterial device at room temperature. The
THz transmission is measured as a function of the reverse bias voltage, and the experimental results plotted
in intensity are shown in Fig. 9. Without an applied gate bias, the device is expected to show no or very
weak resonant response because of the conducting substrate, which shorts out the capacitive split gaps and no
significant resonance can be established. An increasing reverse bias voltage depletes the free charge carriers from
the metallic Schottky gate particularly near the split gaps, which reduces the substrate conductivity and restores
the resonance strength. As in Fig. 9 the resonances in the transmission spectra narrow and the transmission
minimum decreases with increasing reverse bias voltage. At a reverse gate bias voltage of 16 volts, a 50% relative
change of transmission intensity is observed at 0.72 THz, the frequency of the LC resonance. Very recently, it is
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Figure 9. THz transmission intensity spectra as a function of the applied reverse voltage bias.

improved up to 80% with modified structure design. This is more than one order of magnitude improvement over
the previous demonstration of electrically-driven THz modulator based on semiconductor quantum structures,?®
making this device a reasonably efficient narrowband THz switch/modulator. We note that the collective dipolar
resonance at 1.65 THz is also switched upon the application of voltage bias though its overall transmission is
low. This is because the depletion of free charge carriers reduces the overall loss but is not associated with the
shorting of the capacitive gaps of the slit-ring resonators.
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Figure 10. (a) THz-TDS measurements of the modulation (differential) signal at 1 and 100 kHz. (b) THz-TDS measure-
ments by applying square ac voltage to the photoconductive THz emitter at 1 and 100 kHz to shown the system response.
The arrows indicate the time positions where we perform the frequency response measurements.



When applying an ac bias voltage to the metamaterial device, it is expected that the transmitted THz
radiation will be modulated. We perform THz-TDS measurements of the modulation (differential) signal by
application of a square voltage bias alternating between 0 and 12 volts at various modulation frequencies. The
results are shown in Fig. 10(a) for 1 and 100 kHz, which suggests the effective modulation of the THz radiation.
Because of the large device area (5 mm x 5 mm additional to electrical pads) the device is not expected to
operate very fast. Nevertheless, at 100 kHz modulation frequency we still observe effective modulation, roughly
half of the modulation signal as compared to 1 kHz. Note that part of this modulation amplitude decrease is due
to the THz-TDS system response, i.e., the modulation signal decreases with increasing modulation frequency.
This could be verified in Fig. 10(b), where we measured the THz wave forms when the photoconductive THz
emitter is modulated at 1 and 100 kHz, as the modulation at 100 kHz is smaller than at 1 kHz. So when we
perform measurements to investigate the frequency response of the metamaterial modulation, this THz system
response should be eliminated from the experimental data.

In order to obtain the operation speed of the device, we perform measurements of the modulation signal as
a function of the modulation frequency. We measure the THz signal with the time position fixed as indicated
in Fig. 10(a) while we sweep the modulation frequency. The results is then normalized to the system response,
which is obtained from a similar measurement. Fig. 11 reveals the experimental results with roll-off frequency
of ~100 kHz. Since our lock-in amplifier can only operate up to 100 kHz, we also load external resistors to lower
the role-off frequency by increasing the RC time constant, where C is the device Schottky capacitance, and R
is the total resistance including the device forward resistance, output resistance from the function generator,
and the external loading resistance. We performed a theoretical estimation of the role-off modulation frequency
by calculating the Schottky capacitance, and the results are in good agreement with the measurements.'® The
device modulation speed can be further improved by reducing the active area, eliminating the large electric pads,
and using interdigitated ohmic contacts, with which we have demonstrated a modulation speed of 2 MHz.'¢
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Figure 11. Frequency response of modulation with various external resistance loading.

6. CONCLUSION

In conclusion, we have developed a series of planar metamaterials operating at THz frequencies, which can be
easily fabricated by standard micro-fabrication techniques. The band-stop or band-pass transmission properties
in the complementary metamaterials is consistent with the Baninet’s principle, and can find many applications
such as far-infrared filters.!> The dynamical frequency tunability is achieved by integrating semiconductor
materials into the metamaterial building block split-ring resonators, where the photoexcitation tunes the effective
capacitive gap. Using semicondutors as the metamaterial substrates, we demonstrate the dynamical switching
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of THz metamaterial resonance, and therefore the THz transmission property. The slow switching recovery is
overcome by reducing carrier lifetime using materials such as ErAs/GaAs nanoisland superlattice substrate. This
approach is expected to be extended to other frequency regimes as well. Finally, the active THz metamaterial
devices are able to switch and modulate THz radiation through application of a voltage bias at room temperature
with reasonable high modulation depth and speed. These demonstrations elucidates the potential of developing
novel THz devices and components for many applications, such as polarization manipulation, anti-reflection,
perfect absorption,??>3° phase shifting, broadband operation and so on.
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